Background-Benefits of 2-dimensional (2D) angiosome-oriented infrapopliteal revascularization remain controversial.
T he vascular community has been confused about the term angiosome because it relates to the treatment of infrapopliteal artery disease presenting as tissue loss. The original concept of the angiosome, introduced by Taylor and Palmer 1 in 1987 in the context of flaps for skin healing, is a 3-dimensional (3D) composite volume of skin, soft tissue, and bone supplied by a single source artery and its branches within the context of adjacent vascular territories. Each angiosome cannot be assessed after clamping or occlusion of adjacent source vessels and can be linked to its neighbors in all directions by either the true anastomoses without a change in caliber or by reduced-caliber choke arteries; therefore, the angiosome refers to the safe anatomic boundaries of tissue that can be transferred separately or combined together with source vessels as a composite flap. [1] [2] [3] [4] [5] [6] 
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Although even the original concept of the 3D angiosome might be less relevant to in vivo blood supply than to flap design, 7 the concept of a 2D angiosome as a uniform map of vascular territories with clear boundaries has emerged in the field of surgical and endovascular treatment for critical limb ischemia (CLI) with the past 5 years. [8] [9] [10] With this recent 2D angiosome concept, emphasis was placed on direct intervention, that is, revascularization of the artery feeding the 2D angiosome where ischemic ulcers or gangrene exist, instead of indirect intervention. However, currently there are active ongoing debates over the benefits of angiosome-oriented infrapopliteal revascularization in terms of clinical outcomes. [11] [12] [13] Hence, objective evaluation of the circulation of the foot is essential for determining whether direct or indirect intervention is superior. Apart from the location of the wound, we simply define direct revascularization as revascularization of anterior tibial artery (ATA) system for dorsal foot circulation and revascularization of posterior tibial artery (PTA) system for plantar foot circulation and indirect revascularization as revascularization of PTA system for dorsal foot circulation and revascularization of ATA system for plantar foot circulation. The aim of this study was to investigate the effect of single tibial artery revascularization on the dorsal and plantar microcirculation of the foot to clarify the validity of the recent 2D angiosome in the treatment of symptomatic infrapopliteal artery disease.
Methods

Subjects
This retrospective study included a total of 108 infrapopliteal artery interventions performed for the treatment of CLI with tissue loss in 2 vascular centers between May 2011 and October 2013. Noninvasive evaluation of the microcirculation using skin perfusion pressure (SPP) was performed sequentially before the procedure and on the day after the procedure (or within 7 days in cases of measurement failure). The SPP measurements were available in 79 cases. Of them, the 57 interventions that only involved revascularization of either ATA or PTA were included ( Figure 1 ). The study was approved by the institutional review committee.
SPP Measurement
Currently, SPP is available for the evaluation of microcirculation on the dorsal (ATA territory based on the recent definition of the angiosome) and plantar (PTA territory based on the recent definition of the angiosome) sides even in the setting of CLI. [14] [15] [16] [17] [18] The basic technique for measuring SPP was based on a previous study. 14 After each patient was placed in a supine position in a room maintained at room temperature between 24°C and 26°C, SPP was measured using a SensiLase PAD 3000 device (Vasamed, Inc, Eden Prairie, MN). A laser Doppler probe was placed under an 8.0-cm-wide blood pressure cuff wrapped around the middle of the first and second metatarsals on the dorsal and plantar aspects of the foot. SPP denotes the cuff pressure at which microcirculatory perfusion is first detected after a period of occlusion.
Statistical Analysis
Data are expressed as mean±SD, numbers with percentages, or medians and interquartile ranges. The normality of the distribution of continuous variables was determined using the Shapiro-Wilk test. Comparisons of the data before and after the procedure were analyzed using the paired t test for normally distributed variables and Wilcoxon signed-rank test for non-normally distributed variables, respectively. Comparisons of independent 2 groups were evaluated using Student t test for parametric variables and Mann-Whitney U test for nonparametric variables. Categorical variables were analyzed using either Pearson χ 2 test or Fisher exact test. P values <0.05 were considered significant. Corrections of multiple comparisons were made according to Bonferroni. Because some patients underwent several interventions, we conducted mixed model analysis using patient ID as a random intercept to adjust for autocorrelation using the xtmixed command in STATA. SPSS version 11.0 (SPSS Inc, Chicago, IL) and STATA version 13 (Stata Corp, College Station, TX) were used for statistical analyses.
Results
Baseline clinical characteristics of the study subjects are shown in Table 1 . The breakdown of treated vessels is shown in Table 2 . The distributions of SPP before and after ATA and PTA revascularization are shown in Figure 2 . The number of final run-off vessels, as well as the number of limbs with a patent peroneal artery or pedal arch after ATA and PTA revascularization, are shown in Table 3 .
With ATA revascularization, dorsal SPP increased significantly from 33 (IQR 23-40.5) to 52 (IQR 32.5-65) mm Hg (P<0.0001) after direct intervention and plantar SPP increased significantly from 31.6±16.1 to 44.8±19.2 mm Hg (P=0.001) after indirect intervention (Table 4 ). Also, there were no significant differences in both pre-SPP and post-SPP between the dorsal (direct intervention) side and the plantar (indirect intervention) side. ΔSPP was comparable between the dorsal (direct intervention) side and the plantar (indirect intervention) side (15.5±18.6 versus 13.2±21.3 mm Hg;
WHAT IS KNOWN
• The original angiosome concept is a 3-dimensional (3D) volume of tissue supplied by a source artery.
• Recently, a 2D angiosome map has emerged in the treatment of symptomatic infrapopliteal artery disease.
• There is debate over the benefits of the 2D angiosome-oriented infrapopliteal revascularization in terms of clinical outcomes.
WHAT THE STUDY ADDS
• Irrespective of the 2D angiosome theory, single tibial artery revascularization resulted in comparable improvements in microcirculation of the dorsal and plantar foot.
• Approximately half of the feet undergoing single tibial artery revascularization presented a change in microcirculation that was not consistent with the 2D angiosome theory. Table 5 ). In the subgroup analysis of subjects with diabetes mellitus or end-stage renal disease, similar findings were observed in change in SPP and ΔSPP (Tables 6 and 7) . Post-SPP and ΔSPP were higher on the dorsal (direct intervention) side than on the plantar (indirect intervention) side, as predicted by the recent 2D angiosome theory, in only 64% and 58% of patients, respectively. Correcting for autocorrelation between participant's subjects and limbs in a mixed model with a random intercept yielded similar results (Tables 8-11 ).
With PTA revascularization, dorsal SPP increased significantly from 29.3±14.0 to 42.4±19.7 mm Hg (P=0.003) after indirect intervention and plantar SPP increased significantly from 29.3±9.8 to 43.5±15.9 mm Hg (P<0.001) after direct intervention (Table 4 ). Also, there were no significant differences in both pre-SPP and post-SPP between the dorsal (indirect intervention) side and the plantar (direct intervention) side. ΔSPP was comparable between the dorsal (indirect intervention) side and the plantar (direct intervention) side (13.1±14.6 versus 14.1±11.4 mm Hg; P=0.833; Table 5 ). In the subgroup analysis of subjects with diabetes mellitus or end-stage renal Ankle-brachial index 0.72±0.38 Table 2 . Summary of the Vessels Treated disease, similar findings were observed in change in SPP and ΔSPP (Tables 6 and 7) . Post-SPP and ΔSPP were higher on the plantar (direct intervention) side than on the dorsal (indirect intervention) side, as predicted by the recent 2D angiosome theory, in only 47% and 40% of patients, respectively. Correcting for autocorrelation between participant's subjects and limbs in a mixed model with a random intercept yielded similar results (Tables 8-11) .
About clinical outcomes, during the mean follow-up of 17±11 (range, 1-33) months, the complete wound healing rate was 52.6% and the major amputation rate was 3.5%. Healed limbs had higher post-SPP values (dorsal, 50.0±18.4; plantar, 45.9±17.6 mm Hg) than nonhealed limbs (dorsal, 46.8±21.1; plantar, 42.6±19.1 mm Hg), but this difference was not statistically significant (Table 12 ). In addition, post-SPP values were significantly higher in healed limbs with PTA intervention (dorsal, 54.6±18.4; plantar, 54.6±12.1 mm Hg) when compared with that in nonhealed limbs (dorsal, 33.0±15.8; plantar, 33.8±12.3 mm Hg; Table 12 ). Correcting for autocorrelation between participant's subjects and limbs in a mixed model with a random intercept yielded similar results (Table 13 ).
Discussion
To the best of our knowledge, this study is the first to highlight the effects of single tibial artery revascularization based on assessments of dorsal and plantar microcirculation in relation to the recent concept of the 2D angiosome. The main findings of this study are (1) both dorsal and plantar SPP increased significantly after single tibial artery revascularization of either the ATA or the PTA, (2) both ATA and PTA revascularization were not significantly associated with differences in ΔSPP between the dorsal and the plantar foot, and (3) approximately half of the revascularized feet had changes in SPP that do not correspond to the recently defined 2D angiosome theory.
In the fields of bypass surgery and endovascular therapy, an emphasis on angiosome-oriented revascularization was adopted in the context of limb salvage and wound healing, despite a lack of randomized studies. [8] [9] [10] In the middle of the current 2D angiosome boom, more recent studies have raised objections to this approach that sounds good in theory. [11] [12] [13] Indeed, Azuma et al 11 reported comparable wound healing with direct versus indirect revascularization after surgical bypass. Catheter-based infrapopliteal intervention studies have also reported no significant differences in the rate of wound healing or limb salvage between direct and indirect revascularization. 12 These differences in published studies could be possibly because of the multifactorial nature of CLI. Indeed, concomitant diabetes mellitus, wound infection, extensive wound size, and other serious comorbidities could have a substantial negative effect on clinical outcomes. 11, 12, 19 In the clinical setting, the quality of wound management can also influence wound healing, and patientphysician preferences can affect the decision for major amputation. Furthermore, although the toes are frequent sites of tissue loss, some investigators consider them to be in the angiosome of the PTA, 9, 20 whereas others contend that the dorsal aspect of the toes belongs to the angiosome of the ATA and the plantar aspect of the toes belongs to the angiosome of the PTA. 10 These conflicting 2D angiosome maps defined by previous investigators may potentially promote a biased diagnosis of direct and indirect revascularization. Thus, objective assessment of the circulation of the foot is necessary to verify the validity of revascularization based on the recently popular concept of the 2D angiosome. Evaluation of the macrocirculation using measurements of ankle-brachial index and ankle pressure can be falsely elevated because of excessive calcification of the tibial artery 21 and does not reflect blood flow below the ankle. With the limited use of macrocirculation assessment, intense evaluation of the microcirculation is essential in the setting of CLI. [14] [15] [16] [17] [18] 22, 23 According to recent studies, SPP is a more reliable tool for detecting severe peripheral arterial disease involving calcified vessels and predicting healing of ischemic wounds than other methods for evaluating the macrocirculation and microcirculation (ankle-brachial index, ankle pressure, toe brachial index, toe pressure, and transcutaneous oxygen pressure). 14, 17, 24 Therefore, this study used SPP to facilitate a detailed assessment of the microcirculation of the dorsal and plantar foot.
The present study found that single tibial artery revascularization results in a significant increase in the microcirculation on both the dorsal and the plantar sides. Furthermore, the dorsal and plantar sides were not significantly different in terms of the amount of change in microcirculation before and after single tibial artery revascularization. Similar findings were observed even in the patients with diabetes mellitus or end-stage renal disease. These comparable effects on foot microcirculation with direct or indirect revascularization strongly support recently published studies showing no clinical difference between direct and indirect revascularization, 11, 12 suggesting that the recently defined 2D angiosome theory is less relevant in the treatment of infrapopliteal arterial disease presenting with tissue loss. Furthermore, in the present study, approximately half of the revascularized feet had a demonstrable change in microcirculation that did not correspond to the recently defined 2D angiosome theory. As shown in Figure 3 , the effects of tibial revascularization on foot microcirculation might be beyond the interpretation of infrapopliteal angiography. The reasons for this discrepancy between angiographic and hemodynamic findings may be because of (1) the practical perfusion space of the tibial artery might encompass adjacent angiosomes beyond its immediate borders through branch vessels, choke vessels, and collateral vessels when the other tibial artery is disrupted; (2) severe concomitant disease of more distal arteries, such as the pedal artery, and its branches might hamper the effect of revascularization of the relevant tibial artery (primary source tibial artery); and (3) common anatomic variations in the arteries of the foot may conflict with the application of the 2D angiosome theory. 20, [25] [26] [27] [28] [29] [30] [31] Thus, because the definition of the angiosome can be used mistakenly among wound specialists, 32, 33 an increasing appreciation of the original concept of angiosome and more recent ideas on the angiosome are crucial to steer the direction of contemporary infrapopliteal revascularization. From a clinical stand point, estimating the autonomous contribution of an individual arterial system to the foot microcirculation before intervention is an impossible task. Given the findings of this study and the less invasive nature and repeatability of catheterbased endovascular intervention, we still emphasize primary establishment of ≥1 straight-line flow to the foot through revascularization of vessels where it is technically safe and feasible based on angiographic findings. Even the original conception of the 3D angiosome may be an adjunctive concept to explain for inadequate hemodynamic outcome after an initial intervention and may provide some guidance on further treatment strategies.
With respect to wound healing, ≈20 years ago Castronuovo et al 14 reported that SPP>40 mm Hg was highly indicative of tissue loss healing. In this study, SPP>40 mm Hg was observed in not only healed limbs but also nonhealed limbs. Furthermore, post-PTA intervention SPP was significantly higher in healed limbs (>50 mm Hg) than in nonhealed limbs (<40 mm Hg). These findings suggest that revascularization may be only the first step in the process of complete wound healing with the need for further interdisciplinary treatment. 
Limitations
There are some limitations of this study that should be taken into consideration. First, the present study had a small sample size. Second, the study design was retrospective in nature. Third, there is the possibility that distal embolization of microparticles after endovascular procedures can affect the microcirculation of the foot. Fourth, no procedure outcomes were included because reporting the performance of infrapopliteal interventions was not the intention of this study. Finally, the quality of wound management might not have been uniform.
In conclusion, whether direct intervention or indirect intervention, single tibial artery revascularization involving either the anterior or the posterior tibial artery yielded comparable improvements in the microcirculation of the dorsal and plantar regions of the foot. Approximately half of the feet revascularized had a change in microcirculation that was not consistent with the recently defined 2D angiosome theory. Therefore, the benefits offered by primary angiosome-oriented strategy might be of less paramount importance in the field of infrapopliteal revascularization.
Disclosures
None.
Figure 3.
Representative cases with changes in skin perfusion pressure (SPP) not corresponding to the recently defined 2-dimensional angiosome theory. A, A case of anterior tibial artery revascularization. SPP (the dorsal side/the plantar side) increased from 34/15 to 42/53 mm Hg after anterior tibial artery revascularization (arrows). Despite a theoretical reperfusion of dorsal side and the remaining plantar artery disease, post-SPP and ΔSPP were higher on the plantar side than on the dorsal side. B, A case of posterior tibial artery revascularization. SPP (the dorsal side/the plantar side) increased from 47/40 to 67/52 mm Hg after posterior tibial artery revascularization (arrows). Despite a theoretical reperfusion of plantar side and the patent plantar artery, post-SPP and ΔSPP were higher on the dorsal side than on the plantar side.
